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Abstract 
The manufacture of precision optics with diver custom surface profile is in high demand in contact lens manufacturing. Ultra-
high precision diamond turning is an adequate manufacturing technique with the ability to produce freeform optics of various 
custom surface profiles. However, during polymers machining, adhesion of the tool chip around the tool dictates the presence of 
an electrostatic force field. This phenomenon known as tribo-electric charging is responsible for tool wear and poor surface 
finish. Attaining a clear understanding of tribo-electricity in polymer machining, its occurrence and causing agents is important to 
ensure surface integrity of optical profiles. This study observes static charging during the ultra-high precision machining of 
contact lens polymers and identifies machining parameters and environmental factors influencing the static buildup. The 
influence of relative humidity and certain cutting parameters such as cutting feed rates were observed as factors in static 
charging. 
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1. Introduction 
The precision optics industry is dependent on the production of high surface integrity optical profiles for use in 
various applications. Applications of high end optics are seen in medical instruments, electronics, imaging devices 
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and laser applications. Some examples of such biomedical applications are bi-focal microscopes, contact and 
intraocular lenses, optical grade prosthetics etc. These bio-optics applications may however vary in surface design, 
optical clarity, and choice of materials.  
At the present, the ultra-precision machining (UHPM) based on single point diamond turning (SPDT) is 
considered as   an effective process for the generation of high quality functional surfaces with minimal defects in the 
superficial surface layer from various materials. Distinct use is seen with amorphous thermoplastic polymers with 
characteristics composition suited for optical, photonic and bioengineering applications. A major prerequisite for 
ultraprecision machining is remarkable precision of the tools, machines and controls of motion down to the 
nanometric range (Riemer, 2011). Studies from Reimer identify the increase in the demand of ultra-high precision 
machined novel materials, e.g. molds for replication processes in day-to day use. Advances in optical grinding have 
similarly been observed and currently used to generate surfaces without sub-surface damage. UHPM technology has 
also spurred research in the catastrophic wear of diamond tools when machining various materials (Zhou et al., 2006, 
Gubbels et al., 2004b). Despite all these advantages in nano-machining, UHPM of polymers using single point 
diamond tools is challenged by the presence of triboelectric wear, which affects surface quality. This originates from 
presence of tribo-charging reflected by the adhesion of the chip around the tool (Olufayo and Abou-El-Hossein, 
2013, Contour Fine Tooling, 2008). This form of wear was studied by Gubbels (2006) and he identified it to be one 
of major wear mechanisms found in polymer machining. Due to the limited amount of research work in polymer 
machining additional experimentation is needed to validate present findings in this field and broaden the range of 
tested polymer materials based on their applications. 
This study seeks to clarify the findings observed by other researcher in the field of UHPM of polymers. The study 
is implemented on commercially available contact lens polymers. During this study, the static charging and 
discharging during the ultra-high precision machining of contact lens polymers is observed and parameters and 
environmental factors influencing its static buildup were monitored. 
1.1. Classes of polymers used in medicine 
There are many types of polymers used for biomedical purposes. They could be identified as homo-polymers or 
copolymers. Some common examples of general monomers seen in medicine are Polymethyl methacrylate (PMMA), 
Poly (2-hydroxyethyl methacrylate) poly (HEMA), Polyethylene (PE), Polypropylene (PP) and Poly (dimethyl 
siloxane) (PDMS). These materials possess unique qualities related to permeability, strength, low-density and 
wettability (Rattier et al., 1997). More so for the contact lens industry, lenses could be classified as soft, hard or gas 
permeable lenses by their constituent base monomer (Fig. 1). Soft lenses primarily are composed of HEMA while 
hard lenses originate from modification made to PMMA (Maldonado-Codina and Efron, 2003). Furthermore, nearly 
all original RGP materials were chemical mixes of PMMA and silicon (Brievogel, 2002). The addition of materials 
such as freely permeable silicon, and fluorine based monomers to a polymer could produce resultant materials with 
increased physical properties such as wettability, permeability and flexibility but also influence ionic properties.  
 
 
Fig. 1. Chart of contact lens classification 
 
Contact lenses 
Based on function 
Corrective use Aesthethic Therapeutic 
Based on material 
Hard Polymer lens Soft lens Silicone gels Others 
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Table 1 combines the Food and Drug Administration (FDA) groups of contact lens polymers classifications, and 
their susceptibility to charge with their base constituents materials. In this study a group of three fluorosilicon 
acrylate polymer was used for the experiments. 
Table 1. FDA grouping and Modern RGP materials, divided into four groups based on their contents. 
Group Water content Ionicity Description Material 
I Low (<50%) Non-ionic Contains no silicone or Fluorine Cellulose acetate butyrate 
II High (>50%) Non-ionic Contains silicone but no Fluorine Silicone acrylate 
III Low (<50%) Ionic (can charge) Contains silicone and Fluorine Fluorosilicon acrylate 
IV High (>50%) Ionic (can charge) Contains Fluorine but no silicone Fluorocarbon 
1.2. An introduction to Ultra-high precision machining (UHPM) 
Ultra precision machining dates back to 1966 and since then this technology has greatly progressed due to 
considerable advances in materials, tools and its supporting technologies to become a prevalent practice for 
commercial manufacturing (Chiu and Lee, 1997). Chiu and Lee (1997) state that ultra-precision based on single-
point diamond turning (SPDT) and ultra-precision diamond grinding (UPDG) has become an indispensable tool for 
economic making of ultra-high-quality products. Manufacturing of precision optics with diverse freeform surfaces is 
also a core component of contact lens production. Due to some isolated medical conditions, custom optical solutions 
have become a necessity in ophthalmology. Ultra-high precision diamond turning (UHPDT) has thus become a 
generally acceptable manufacturing technique with the ability to produce freeform optics of various custom surface 
profiles for such applications. Some complex optical forms which can be produced through SPDT are: aspheric, toric 
and complex geometrical lens profiles. This optical manufacturing technique also boasts of nanometric range 
tolerances below < 10nm. Today’s ultra-precision machining system are built on fundamental precision engineering 
principles coupled with leading edge technologies in controls, drive and feedback devices (Riemer, 2011). The 
growing market of precision, optics and micro technologies systems has pushed combined advances in process 
technologies as well as measuring and testing, quality assurance linked to this production process.  
1.3. UHPM of contact lenses 
Some research works have studied the effect of diamond machining on plastics. Research can be found on 
polycarbonate (PC), Polystyrene (PS), PMMA, PSU, Polyamide (PA), Polyurethane (PU) (Gubbels et al., 2007). 
Contour Fine Tooling (2008), a UK tooling firm, states that the wear in monocrystalline diamond tools when cutting 
polymers, is generally 5 to 10 times higher than when cutting copper with the same parameters. This phenomenon 
was explained by the difference in hardness between diamond and plastic.  
 
   
Fig. 2. Liechenberg figure on a diamond tool (Contour Fine Tooling, 2008, Gubbels, 2006) 
Limited or no research works have studied the UHPM of commercially available contact lens materials. (Gubbels, 
2006) in his research studied the ultra-high precision of glassy polymers, and identified wear mechanisms of 
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diamond when machining of glassy polymers. In his study on, Gubbels identifies significant static charging and 
discharging which yields Lichtenberg wear patterns on the tool in some of the diamond turning experiments (at low 
relative humidity), (Fig. 2). Negative and positive static readings from machining of the polymers were observed and 
attempts to clarify the causing agents and control its formation were studied. However more research is needed to 
cover a wider range of polymers and validate his results in the triboelectric charge and discharge of polymers 
machining. The next section further discusses and explains how these mechanisms occur during machining.  
1.4. Tribological wear in polymer machining 
Gubbels (2006) identified two dominant wear modes encountered when UHPM of polymeric materials, namely: 
x Tribo-chemical wear 
x Tribo-electric wear  
Tribo-chemical wear can be explained in diamond turning by the chain scission of monomers which forms highly 
reactive radicals (Gubbels et al., 2004b). This chemical reaction could be observed by a “chipped” effect on the 
diamond surface. In their research Gubbels et al. accounts wear patterns observed on PC and PMMA to chemical 
causes (Gubbels et al., 2004a).  
Furthermore, it is presumed that another important role in wear of the tool is due to electrostatic charging. Tribo-
electric wear occurs due to the electrostatic charging occurring on polymer surfaces. The next section explains the 
frictional electrification of polymer surfaces. 
1.5. Frictional electrification of polymer surfaces 
Tribo electric charging also known as “contact electrification” is generated from the frictional rubbing of two 
dissimilar materials of varying electric field strength and polarity. It can be experienced during various human 
activities such as walking on a rug with plastics shoes or hair combing. These activities daily human activities could 
create charges as high as 3000kV (Kaplan et al., 2002). From literature, we have also seen the influence of frictional 
electrification on dielectrics in textiles, micro photonics, pneumatics transport and nano-machining (Gubbels, 2006, 
Williams, Liu et al., 2013). Table 2 shows a summary of triboelectric charging mechanisms and how charges or ions 
move from one material surface to another. 
Table 2. Summary of triboelectric charging mechanisms (Williams, 2012) 




Insulator with mobile ions 
ELECTRONS 
ELECTRONS 




Mobile ions , when present 
predominate over other 
mechanisms 
INSULATOR-INSULATOR 





H3O+OH (in presence of water) 
Mobile ions , when present 
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Fig. 3. The Triboelectric Charge – (a) Materials Make Intimate Contact (b) Material separate. Adapted from: (Asuni, 1998)  
Electrostatics originates from the combination of two words; electrons and statics (Liu et al., 2013). During tribo-
electric effect, electrostatic voltage is generated due to the transfer of free electrons or ions during the rubbing action 
between the tool and the surface of the polymeric workpiece. This situation is bred from the restriction of electrons 
in a material due to their inability to escape from the material surface (Fig. 3a). As electrons fail to reach a 
conducting path to ground a stage is reached where electrons jump across from a highly electron concentration 
surface to a surface lower magnitude until static saturation occurs (Fig. 3b). These electrons remain concentrated at 
the surface at the polymer due to its low atomic conductivity. At saturation, electrostatic potential difference exceeds 
the dielectric breakdown threshold of air (being the common medium between the material surfaces) through the 
path of least resistance for charge stabilization and creates a transient spark (Fig. 3c). This phenomenon is often 
found in non-conductors which trap freely moving electrons.  
 ܸ ൌ ௤஼ ൌ
௤ήௗ
ఌή஺  (1) 
Triboelectric discharge refers to the Electrostatic Discharge (ESD) event initiated from frictional charging 
between two materials at charge saturation. Gubbels et al. (2004a) in their study measured this static voltage using 
an electrostatic voltmeter, and using equ.1 linked the voltage to the estimated amount of charge (Gubbels, 2006) to 
identify the amount of energy for electrostatic discharge. An estimated 7.4eV was identified as an average value of 
energy for static discharge in PSU.  
 
1.6. More on Electrostatic discharge in UHPM and its influencing factors 
Electrostatic Discharge could also be explained to occur when a charge imbalance between two surfaces of 
inverse static polarity occurs. Williams (2012) in his review of triboelectric charging of insulating polymers 
identifies the effects of force exerted during polymer rubbing and depth of material removed as a factor which 
influences static charge magnitude. Generally ESD’s connote a transfer of electrons from a high concentration 
surface to a lower concentration across dissimilar materials. From literature (Kaplan et al., 2002) it is identified as 
the transfer of high electron concentration measured in Coulombs from a surface of a relatively negatively statically 
charged surface to a relatively positively statically charged surface.  
A lucid explanation of charge in atoms is necessary to comprehend the principles ESD’s occurring in UHPM. In 
insulating materials, electrons are not able to redistribute from the negatively charged area to the positively charged 
area due to the large band gap required to move electrons from the valence band to the conduction band. In 
conductor materials electron conduction occurs easily because the energy band gap between the valence electron 
shell and the conduction band is infinitely small or they may overlap. In either case it takes very little to no energy 
to promote an electron from the valence shell to the conduction band. This small amount of energy can easily be 
supplied by any thermal energy above zero K° Kelvin. Conductive surfaces will, therefore, have uniform charge 
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distributions as electrons are easily transported from regions of high concentration to areas of low concentration 
(Kaplan et al., 2002). According to the law of conservation of charge, it sates: “that charge can neither be created 
nor destroyed, but only transferred from one entity to the other”.  
Diaz and Felix-Navarro (2004) created a semi-quantitative tribo-electric series for polymeric materials. In their 
study they study the influence of chemical structure and properties of the polymers to their charging magnitudes. 
Their study not only connect the results of various tribo-electric series from research but also relates the overlapping 
results of several reports and gives an estimate of the relative charging capacity of numerous polymeric materials. 
They also reaffirm that charging results are due to proton or ion transfer between the surfaces in contact. 
Experiments have also shown that relative humidity (RH) has a very big influence on the electrostatic charging and 
therefore, on the tool life. Below RH 60% strong electrostatic charging occurs, between RH60 and 7- % is a 
transition area and above RH 70 % no electrostatic charging is observed (Contour Fine Tooling, 2008). 
2. Experimental Procedures  
This experimental study is aimed at investigating the tribo-electric charging in the UHPM of contact lenses, and 
evaluating the effects of cutting parameters such as feed rate, cutting speed and depth of cut. Machining tests were 
performed on the Precitech® Nanoform Ultragrind 250 ultra-high precision lathe (Fig. 4). This precision machine is 
equipped with 4-axis capability, vacuum chuck, ultra-high precision air-bearing spindle, granite base, oil hydrostatic 
slides and optimally located air isolation mounts. An electrostatic voltmeter with 20kV potential measurement 
detection was used and positioned at a distance of 25 mm from the workpiece. Electrostatic data were acquired 
using NI PCI 6110. Machining experiments were conducted over a range of cutting values as shown in Table 3. 
Experimental tests were conducted using commercially available contact lens button. An ionic contact lens 
copolymer of FDA group 3 was used in the research. The lens button dimensions are of 12 mm diameter and 4 mm 
thickness. This lens was block-mounted unto a copper mount for machining using low temperature optical wax. 
Additional experimental passes were run to ensure repeatability. 
 
  
Fig. 4. Setup for diamond turning of Contact lens polymer and contact lens button block mounted 
Table 3. Cutting parameters in the UHPM of contact lens polymers 
Cutting Parameters Feed (μm rev-1) Speed (ms-1) Depth of cut (mm) 
Range values 2, 7 and 12 0.15, 1.325 and 2.5 10, 25 and 40  
 
3. Results and discussion 
During this study the block contact lens polymer is machined using a selection of 15 experimental parameter 
combinations obtained from Response Surface Method. Cutting conditions with dry air and without air are applied 
to determine the effect of coolant on machining condition. During the experimental tests without coolants, we 
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observed tool chip build-up at the tool surface of the tool. This was explained due adhesive reaction that occurred 
due to change in polarity between both surface (Contour Fine Tooling, 2008), see Fig. 5b 
 
(a)          (b) 
Fig. 5. a) Chart of the static charging during each (b) Diamond machining of a contact lens button  
(Olufayo and Abou-El-Hossein, 2013) 
Fig.5a shows the progression of an acquired static charging. It can be seen that this results agree with those found 
by (Gubbels et al., 2004a). During initial tool and workpiece contact, an initial static buildup is observed. This initial 
rise increases to an optimal level but is preceded by a gradual fall in charge. This as stated by Gubbels et al. (2004a) 
could be explained from the reduced rubbing effect due to a reduction on surface contact of the tool. At minimal 
surface contact (when the tool is at the center of the circular piece), a dead zone in static charging and discharging is 
observed. During this state, no depth of material is cut to release additional ions to the material surface but ions 
already at the surface maintain the currently acquired static charge.  
As the tool gradually separate from the workpiece, an ion exchange from one material surface to the next is 
experienced, yielding a sudden surge in static charge and then based on the ionization reaction with moisture in the 
air, static charge is loss. According to Gubbels (2006), a static charge of 7.4eV is needed for static discharge to 
occur. However, during this charging cycle, suspected minor electrostatic discharges were observed. These 
suspected sharp negative static peaks suggest the presence of minor discharges. This phenomenon could be 
explained due to the dry flow of coolant during machining which could spurge minor discharge. However are not 
sufficiently high to cause any damage to the tool.  
 
  
(a)          (b) 
Fig. 6. (a) Chart of the static charging during each (b) Diamond machining of a contact lens button  
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A careful analysis of the cutting parameters on static charging shows a high correlation of feed and speed. Higher 
speed values with reduced feed rate produced enhanced charging effects, see Fig. 6 a&b. This could be explained by 
prolonged rubbing effects from a low feed rate and increased frequency. From the figure,  
4. Summary of results 
Ultra-high precision machining of a contact lens polymers was performed in order to investigate the tribo-
charging characteristic under different conditions. From observations of the tool chip, It confirmed that in cutting 
amorphous polymers, static charges are generated. Contact lenses which originate from such polymers also produce 
similar results. The tendency of static discharge in polymer machining could be controlled at average relative 
humidity of 60%. Experimental results indicate that electrostatic voltages showed a high correlation of the feed and 
speed on polymer charging. This thus states that cutting parameters within specific ranges could greatly influence 
the magnitude of electrostatic charging and thus tribo-electric wear. 
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